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ABSTRACt. We review published analyses of the effects of climate tion over time, and continue to meet societal needs
change on goods and services provided by freshwater ecosystems inand expectations (Meyer, 1997). Maintaining biologi-
the United States. Climate-induced changes must be assessed in
the context of massive anthropogenic changes in water quantitycal diversity and providing other essential goods and
and quality resulting from altered patterns of land use, water with-services such as clean water and fish protein depends
drawal, and species invasions; these may dwarf or exacerbate cli-on basic ecosystem processes such as nutrient uptake
mate-induced changes. Water to meet instream needs is competingand cycling, primary and secondary production,
with other uses of water, and that competition is likely to be decomposition, and food web interactions. Primary
increased by climate change. We review recent predictions of theproductivity and inputs from the watershed supportimpacts of climate change on aquatic ecosystems in eight regions of
North America. Impacts include warmer temperatures that alterfood webs yielding fish for both recreational and corn-

lake mixing regimes and availability of fish habitat; changed mag-mercial uses. Removal of nutrients by biological
nitude and seasonality of runoffregimes that alter nutrient loadinguptake purifies the water and protects downstream
and limit habitat availability at low flow; and loss of prairie pothole ecosystems. Rates of these vital processes are impact-
wetlands that reduces waterfowl populations. Many of the predict- ed by water temperature as well as the range anded changes in aquatic ecosystems are a consequence of climatic
effects on terrestrial ecosystems; shifts in riparian vegetation andtemporal pattern of discharge, all of which may be
hydrology are particularly critical. We review models that could be altered in a changed climate.
used to explore potential effects of climate change on freshwater Freshwaters are rich in biological diversity, and a
ecosystems; these include models of instream flow, bioenergeticslarge part of the fauna is under threat of extinctionmodels, nutrient spiraling models, and models relating riverinebecause of human activities (Naiman et al., 1995). Afood webs to hydrologic regime. We discuss potential ecological
risks, benefits, and costs of climate change and identify informationchanging climate may intensify these threats in many
needs and model improvements that are required to improve ourways, such as the spread of exotic species, further
ability to predict and identify climate change impacts and to evalu- fragmentation of species populations because of ther-
ate management options, mal constraints, and human responses to a changing(KEY TERMS: aquatic ecosystems; anthropogenic change; climateclimate (e.g., additional pressure to build flood controlchange; instream flow; riparian zones; surface water hydrology;
water quality;water temperature.) or water supply reservoirs). Sensitivity to climate

change may differ in natural versus managed aquatic
ecosystems. For example, regulated rivers may expe-
rience less variability in flow caused by climate

INTRODUCTION change than would unregulated rivers (because con-
trol structures are present), but there may be greater

Human societies require the goods and servicescompetition for a limited quantity of water resulting
from indirect influences of climate (such as increasedsupplied by healthy aquatic ecosystems, which are

sustainable, maintain ecological structure and func-demand for power to supply air conditioning). Hence
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the impacts of climate change are set in the broader TABLE 1. Estimated In-Stream Flow Requirements to Meet the

context of intensifying human disturbance of the Needs offish and Wildlife and Total Use as a Percentage of Total
Streamflow in 21 Water Resource Regions (from Volume 2, Tablelandscape. IV-11,WRC, 1978). Total streamflow is calculated as 1975 stream-

Water to meet the needs of aquatic ecosystems is flow + 1975 consumption- 1975 groundwater overdraft.
competing with other uses for water. Two decades ago
the Water Resources Council completed its second Instream TotalUse/

National Water Assessment, presenting a nationally Use/Total Total

consistent evaluation of the current and projected Water l~esourees Region Streamflow Streamflow
(from Figure I-l, WRC, 1978) (percent) (percent)

water use and supply information by region (WRC,
1978). This assessment identified serious water New England 88 89
resource problems, including preservation of fish and Mid-Atlantic 85 87
wildlife habitat and other instream needs for water South Atlantic-Gulf 81 83
such as freshwater recruitment to estuaries and
maintenance of riparian vegetation and floodplain Great Lakes 85 88

wetlands. Using relatively simple screening tech- Ohio 89 90
niques (Tennant, 1976), the WRC quantified instream Tennessee 94 95

flow needs for fish and wildlife as a percentage of Upper Mississippi 82 94
total streamflow in 1975 (Table 1). Instream flow Lower Mississippi 79 86
requirements for maintenance of aquatic ecosystems Souris-Red-Rainy 60 62place significant unmet demands on total streamflow.
The lack of integrated water quantity and quality Missouri 60 87

management was identified as a special problem, Arkansas-White-Red 71 83

which continues today despite recurring calls for such Texas-Gulf 68 101

a management plan. Although methods for determin- Rio Grande 48 136
ing instream flow needs have improved significantly Upper Colorado 64 84
since the last WRC assessment, and minimum Lower Colorado 111 225instream flows have been increased in many areas

Great Basin 59 125through environmental regulations, competition over
limited water resources remains a serious stress to Pacific Northwest 80 84

aquatic ecosystems (e.g., HBSI, 1998). Postel et al. California 45 82
(1996) estimate that humans currently appropriate 54 Alaska 95 95
percent of runoff that is geographically and Hawaii 62 70
temporally accessible to them. This competition is

Caribbean 72 79likely to be intensified by climate change. Hence cli-
ENTIRE NATION 79 87mate-induced changes must be assessed in the con-

text of existing demands for a limited supply of water
and massive human-induced changes in water quanti-
ty and quality that have resulted from altered pat- REGIONAL ASSESSMENTS OF THE IMPACT OF
terns of land use, water withdrawal, and species CLIMATE CHANGE ON AQUATIC ECOSYSTEMS
invasions. Climate change effects may be dwarfed or
exacerbated by these other forces of change.

Earlier analyses of the impact of climate change onMany analyses of the effects of climate change on
freshwater ecosystems have been published in theaquatic ecosystems were founded on expected climate

past decade. Here we review these studies as theytrends in an atmosphere richer in CO2 (warmer,
relate to the on-going regional assessment of thesomewhat higher precipitation that is more variable

effects of climate change on water resources in thein both space and time) and insights from previous

United States. We review ecological benefits and costsecological research (e.g., Carpenter et al., 1992, Firth

that have been identified and explore approaches thatand Fisher, 1992). Papers in Firth and Fisher (1992)

offer promise in assessing impacts of climate change,explored the effects of a 2-5"C warming in the next

We conclude with a discussion of what is needed tocentury on freshwater ecosystems. Effects identified

improve our ability to predict and identify impacts ofinclude: alterations in emissions of greenhouse gases

climate change and to evaluate management options,such as methane (Harriss and Frolking, 1992); shifts
in distributions of aquatic insects whose development
and generation times are highly sensitive to tempera-
ture (Sweeney et al., 1992); altered plant assemblages
in riparian zones and altered rates of organic matter
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supply, decomposition and exchanges occurring at thecontaminant loading during floods, reduction in
terrestrial-aquatic interface (Meyer and Pulliam,assimilation capacity for effluents during droughts).
1992); changes in sediment loading and channel mor- Predictions of increasing air temperature are made
phology (Ward et al., 1992); and elimination of somewith greater confidence than predictions of hydrologic
fish species, particularly in drainages oriented east-change (Shriner et al., 1998). The direct effects of
west rather than north-south (Carpenter et al., 1992). increasing temperatures on aquatic ecosystems will

The impacts of climate change on North American be both positive and negative. Species-specific habitat
water resources have been more recently assessed atrequirements for temperature and dissolved oxygen
a regional level by the Intergovernmental Panel ,onare sufficiently well known for many game fish
Climate Change (Shriner et al., 1998, summarized byspecies so that likely responses to changing climates
Mulholland and Sale, 1998) and by a group of limnolo-can be predicted (Coutant, 1990): In general, climatic
~.~sts, hydrologlsts, and climatologists for eight phys-warming will produce a general shift in species distri-
iographic regions in North America based on anbutions northward, with extinctions and extirpations
analysis of historical trends and climate changeof cold-water species at lower latitudes and range
predictions for each region (McKnight and Covich, expansion of warm-water and cool-water species into
1997, Leavesley et al., 1997). These assessments arehigher latitudes. Eaton and Scheller (1996) project
reviewed in this section. They were largely based onthat the suifable habitat for cold-water and cool-water
climate models with CO2 concentra, tion doubled as a fish species would be reduced by over 50 percent in
step function and without aerosol forcing. Includingstreams of the conterminous U.S. by summer mean
aerosol effects or ramping up CO2 concentrationair temperature increases of 2-6"C derived from simu-
would likely reduce the climate changes predictedlations of a doubled CO2 climate model. In contrast, a
(Houghten et al., 1996). 4"C increase in mean air temperature is projected to

Analyses of recent hydrological trends have indi-expand the ranges of smallmouth bass and yellow
cared that precipitation and streamflow haveperch northward across Canada by about 500 km
increased over the last 50 years for much of the U.S.,(Shuter and Post, 1990).
particularly in autumn and winter (Lettenmaier et Human demands for water are expected to increase
al., 1994; Lins and Michaels, 1994). Some portions ofunder a warmer climate, exacerbating current man-
Canada are experiencing earlier spring snowmeltagement problems. Increasing demands for irrigation
(Burn, 1994) and decreased summer low flow (Ander-and industrial cooling water under a warmer climate
son et al., 1991). Coupled with these climate-relatedwould conflict with the increasing demands for
changes, loss of wetlands from agriculture and urbanmunicipal water supplies resulting from urban
expansion are producing changes in the hydrologicalgrowth. Higher water temperatures will reduce the
characteristics of many drainage basins. Theseefficiency of cooling systems and could make it
include increases in maximum river dischargesincreasingly difficult to meet regulatory requirements
resulting from reduced storage capacity for floodfor downstream water temperatures, particularly
waters and reductions in groundwater recharge andduring summer heat waves (Miller et al., 1993).
minimum discharges. Improved management of water infrastructure, pric-

Changes in hydrologic variability (frequency anding policies, and demand-side management of supply
magnitude of extreme events) are likely to have ahave the potential to mitigate some of the impacts of
greater potential to impact water resources in manyincreasing water demand (Frederick and Gleick,
regions than changes in mean annual conditions (Gle-1989).
ick, 1990). Several doubled CO2 simulations with
global climate models have indicated an increase in
the magnitude of rainfall events, particularly for cen-Arctic and Sub-Arctic North America
tral and northwest North America, even with small
changes in mean annual rainfall (Cubasch et al., Both historic records (instrument record, tree
1995; Mearns et al., 1995). Few model simulationrings, ice cores, and diatom chronologies) and model
analyses, however, have addressed the issue of vari-predictions for Alaska indicate temperature increases
ability in daily precipitation, and increases in the fre-and some increases in precipitation (Rouse et al.,
quency or severity of extreme hydrologic events are1997). These climate shifts have and will continue to

’plausible but highly uncertain at this time (Karl et result in profound changes in freshwater ecosystems
al., 1995). Greater hydrologic variability could posemediated through effects on permafrost, nutrient
large problems for the management of waterdelivery, and length of growing season. Increased
resources in populated regions in terms of both quan-rates of decomposition and increased water residence
tity (e.g., flood control, water allocations duringtime are predicted to increase primary and secondary
droughts) and quality (e.g., increases in sediment andproductivity, yet it is not clear that these increases in
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production will be adequate to make up for thedoubled CO2 climate change scenarios (Mortsch and
increased metabolic demand of higher temperaturesQuinn, 1996; Mortsch and Mills, 1996). These water
for fishes (Rouse et al., 1997). Top predators (graylinglevel changes were based on climate change scenarios
and lake trout) appear particularly vulnerable to cli-from models that produced global temperature
mate change, and reductions in their abundanceincreases that are at least twice as large and precipi-
would likely have effects throughout the food web. In ration changes that are generally greater than the
addition, reduction in ice-jams on rivers are predictedmost recent climate change simulations that include
to result in loss of river delta lakes, effects of aerosols. Nonetheless, although highly

Climatic warming could result in substantialuncertain at this time, the potential declines in Great
changes in the mixing properties of many high-Lakes water levels could have large negative effects
latitude and mid-latitude lakes (Hostetler and Small,on wetlands, fish spawning, recreational boating,
1999) which, in turn, would produce large effects oncommercial navigation, and municipal water supplies
deep-water dissolved oxygen concentrations and onin the Great Lakes.
primary productivity via effects on nutrient supplies In deep, thermally-stratified lakes in the mid and
and exposure of phytoplankton to light. Althoughhigh latitudes, including the Great Lakes, winter
these effects are expected to be highly dependent onsurvival, growth rates, and thermal habitat for fish
the morphometric characteristics of individual lakesgenerally increase under doubled CO2 climate simula-
and are difficult to predict, at high latitudes thetions, although these predictions do not take changes
effects are likely to result in higher primary produc- in oxygen into account (Magnuson and DeStasio,
tivity. 1996). Dissolved oxygen below the thermocline is pre-

The abundant peatlands in this region are vulnera-dicted to decrease (Magnuson et al., 1997). In smaller
ble to changes in water table depth influenced bymid-latitude lakes and reservoirs, however, warming
permafrost melting and altered water balances. Amay reduce habitat for many of the cool-water and
changing climate can shift them from a net sink to acold-water species because deep-water thermal
net source for CO2. Aquatic ecosystems in this region refuges in summer are not present or become unavail-
appear particularly vulnerable to climate change, able as a consequence of declines in dissolved oxygen

concentrations (Stefan et al., 1996). Thermal habitat
area is predicted to increase for warm-water and cool-

Laurentian Great Lakes and Precarnbrian Shield water species, but decrease for cold-water species,
with greatest changes in more productive lakes.

Historical records and climate predictions for thisHence, invasions of warm-water fishes and extirpa-
region indicate a climate growing warmer and wetter tions of cold-water species are predicted to increase in
(Magnuson et al., 1997). Since 1911 spring air temper-this region. Aquatic ecosystems in this region are
atures have increased by 0.11°C per decade, periods ofclearly sensitive to climate change.
ice cover have grown shorter, and annual precipita-
tion has increased by 2.1 percent per decade. ChangesRocky Mountainssuch as these will alter lake mixing regimes (e.g.,
longer periods of summer stratification), reduce lake
levels (because of excess evaporation), and shorten Because of high spatial and temporal variability of
water residence time, all of which will have profound weather patterns, climate predictions for this region
effects on ecosystem processes. For example, dissolvedare tenuous, although a warming climate is generally
organic carbon (DOC) concentrations are predicted topredicted. Hauer et al. (1997) discuss consequences of
decrease because of’reduced runoff from drier catch- this general warming. Potential lowering of the eleva-
ments, resulting in increases in water clarity, thermo-tion of timberline will increase the amount of organic
cline depth, and product~ivity. Changes in thematter being supplied to food webs from outside the
seasonality of runoff may also affect water quality, stream as riparian vegetation increases shading and
Extended droughts in boreal regions have been shownlitter inputs. In addition, altered temperature
to resultin acidification of streams due to oxidation ofregimes along rivers could impact aquatic insect dis-
organic sulfur pools in soils (Schindler, 1997). tributions. One likely consequence of a warmer cli-

Potential water level changes in the Great Lakesmate is increasing fragmentation of cold-water fish
are of particular concern because of their great eco-habitats in headwaters and potential shifts in the
nomic and social importance. Analyses conducted ascompetitive dominance of introduced salmonid
part of the Great Lakes-St. Lawrence Basin Project by species. Alpine lakes in this region are generally olig-
Environment Canada suggest declines in water levelsotrophic and naturally fishless; food webs are sensi-
of from 0.2 to 2.5 m in the Great Lakes under severalrive to increases in nutrient loading, siltation, and
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temperature, all of which could be expected with aPacific Coast and Western Great Basin
changing climate. Likely shifts in the hydrologic
regime toward earlier and higher winter and spring Analyses of long-term climate records and climate
flows and lower summer flows could exacerbate the
stresses resulting from changes in population and

predictions suggest warming with less precipitation
falling as snow and increased winter rainfall (Melack

land use and lead to water quality and quantity prob-et al., I997; Shriner et al., 1998). This could result in
lems. Impacts of climate change in this region areincreased river flows in winter and spring in the
occurring in the context of and seem dwarfed byPacific Northwest, but decreased runoff during sum-
extensive anthropogenic impacts resulting from rapidmer because of the lower soil moisture levels predict-
population growth and introductions of exotic species.ed in some climate change scenarios (Shriner et al.,

1998). In saline lakes of the region, increased inci-

Mid Atlantic and New England                           dence of meromixis (permanent stratification) and
reduced productivity are linked to reductions in
streamflow. Altered runoff regimes, increased sedi-

Climato predictions suggest warmer and somewhatment loads, and decreased channel stability are pre-
drier conditions in this region, which is characterizeddicted to reduce benthic diversity in glacial-fed rivers
by dense human populations, extensive land useand reduce growth rates of economically important
alterations, and abundant freshwater ecosystems,aquatic species such as salmon.
Hence, impacts of climate change must be considered
in the context of existing anthropogenic stressors.
Both negative and positive impacts of climate changeGreat Plains
have been predicted; although bioaccumulation of con-
taminants may increase, there may be less episodic There is a diversity of aquatic ecosystems in thisacidification during snowmelt (Moore et al.o 1997).region: playas, prairie pothole lakes, ox-bow lakes,
Bog ecosystems in the region, which are dependentsprings, ephemeral streams, large rivers, and reser-upon rainwater inputs, appear most vulnerable tovoirs. The region has a strong east-west gradient in
predicted changes in climate, precipitation and temperature, an historical record of

major droughts, and considerable human alteration of

Southeastern U.S. aquatic ecosystems (dams, dikes, channelization). In
the mid-latitude regions of North America, the
amount and seasonal timing of runoff could change

Freshwater ecosystems in this region are charac-dramatically as a result of shifts in the form of precip-
terized by extensive abundant wetlands and high bio-itation and in the timing of snowmelt (Shriner et al.,
diversity. Climate change scenarios indicate warming1998). River and reservoir systems that rely on snow
with possible increases in annual precipitationor glacier melt during the spring and summer periods
and greater clustering of storms (Mulholland et al., of high agricultural and municipal demand and low
1997a), although some show declines in summerprecipitation may have critical supply-demand
precipitation in this region (Shriner et al., 1998).mismatches. The Great Plains and Prairie regions of
Changes likely to occur in freshwater ecosystemsthe U.S. and California have been shown to be partic-
include (Mulholland et al., 1997a): increased rates ofularly vulnerable in this regard (Cohen et al., 1989;
production and nutrient cycling with higher tempera-Gleick, 1993).
ture and longer growing season; reduction in habitat Lake levels and wetland distributions are highly
for cool-water species, such as brook trout and manysensitive te changes in precipitation and evaporation.
aquatic insects; more extensive summer deoxygena-Lakes in dry evaporative drainage basins and the
tion in reservoirs (Chang et al., 1992); greater sum-semi-permanent prairie sloughs in the north-central
mer drying of wetland soils resulting in greater fireU.S. (fed primarily by ground water, precipitation,
threat; and expansion of subtropical species north-and spring snowmelt) are among the most sensitive to
ward, some of which are nuisance exotics (e.g.,changes in climate that produce drier conditions.
Melaleuca). These climate change effects are likely to Water level and extent of open water in prairie pot-
exacerbate current patterns of anthropogenic stress,holes are predicted to be reduced in a 2xC02 climate
such as increased urbanization and demands forwith substantial negative effects on waterfowl since
increased water storage capacity and increasing load-prairie wetlands produce 50-80 percent of the total
ings of waste heat from power production. North American duck population (Covich et al., 1997).

Predicted warming of surface waters in the western
and northern Great Plains could lead to increasing
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salinity and to extinction of endemic fish species The regions described above differ in their vulnera-
already close to their lethal thermal limits. In addi-bility to climate change as a consequence of the extent
tion, increased human demands for water and poten-of climate change predicted and the context of other
tially higher shallow groundwater temperatures couldanthropogenic stressors. If we were to attempt to
alter the fauna of unique springs in the region andarray these various regions according to their ruiner-
greatly reduce the area of wetted channel in ephemer-ability to projected climate change, aquatic ecosys-
al streams (Covich et al., 1997). terns in the Arctic, Great Lakes, and Great Plains

(especially prairie potholes) regions appear most vul-
nerable. Although aquatic ecosystems in the arid

Arid Southwest southwest are clearly vulnerable to changing precipi-
tation, the nature of predicted climate change in that

The climate of this region is variable and unpre-region is not apparent from the analyses reviewed.

dictable, yet its aquatic ecosystems are particularlyThe context of extensive anthropogenic alteration and
sensitive to changes in quantity, timing, and variabili-uncertainties of climate change predictions in the

ty of precipitation and stream flow (Grimm et al., other regions complicate predictions of the impact of

1997). Many aquatic ecosystems in this region are iso-climate change on aquatic ecosystems.
lated with high rates of endemism. Rapidly expanding A change in water temperature is the most likely
human populations will exacerbate reductions ineffect of climate change in most regions, and this

water availability resulting from climate warming,change will have secondary effects on water quality
These changes threaten loss of riparian vegetationparameters (e.g., dissolved oxygen) and biotic process-
and salinity-mediated species invasions leading toes, as described above in the discussion on each
food web alterations, region. Changes in thermal regime pose threats to a

broad range of higher level population and communi-
Patterns of Predicted Impacts. Several patternsty interactions, ranging from direct mortality from

of change are common among these regional analyses,acute temperature stress, chronic bioenergetic stress-

(1) All regions are predicted to experience warmeres, and shifts in the balance of interspecies competi-
conditions, although the extent of temperaturetion as habitat space for some species is reduced.

Thermal refugia are a critical component of aquaticchange varies considerably. Expected changes in pre-
cipitation are more variable, with some regionsecosystems that are difficult to capture using current
(Northwest, Southeast, Great Lakes) predicted to beclimate models.
wetter and others (New England) predicted to be Patterns are also apparent in the properties of dif-

drier. (2)These climate-induced changes are occurringferent aquatic ecosystems that are vulnerable to a
in the context of massive anthropogenic alterations ofchanging climate (Table 2). Wetlands are particularly

water quantity, quality, sediment and nutrient loads,sensitive to changes in their water balance resulting

and exotic species. Climate change effects may bein reduced areal extent, increased vulnerability to
dwarfed or exacerbated by these other forces offire, and altered rates of exchange of greenhouse
change. In addition, the direct effects of climategasses. The changes identified in lakes are associated

change are complicated by indirect effects of humanwith altered mixing regimes, delivery of nutrients and

actions in response to a changing climate (construc-DOC from the watershed, availability of thermal

Lion of flood control or water supply reservoirs), refuges, and alteration of population sizes of the top

(3) Water to meet the instream needs of aquaticpredators with cascading effects on lower trophic lev-
ecosystems is competing with other uses of water, andels. In streams, the changes are closely linked with
that competition is .likely to be intensified by climateclimate impacts on the riparian zone, species-specific

change. (4) Changes in hydrologic variability (fre-thermal tolerances, and alterations in flow regime.

quency and magnitude of extreme events) and season-
ality appear likely to have a greater impact on
aquatic ecosystems in many regions than changes in RISKS AND BENEFITS FORmean annual conditions. (5) Many of the predicted AQUATIC ECOSYSTEMSchanges in aquatic ecosystems (e.g., DOC and nutri-
ent loading) are a consequence of the effects of a
changing climate on terrestrial ecosystems. Hence, The studies reviewed above have identified poten-
assessing changes in terrestrial-aquatic linkages is atial risks and benefits of climate change for aquatic
critical component of a climate change assessment,ecosystems. Increasing competition for water in
Shifts in vegetation composition and hydrology ofstream channels will lead to escalating conflicts
riparian zones are particularly critical, between aquatic ecosystems and societal demand for
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TABLE 2. Some l:*roperties of Different Aquatic Ecosystems that are Particularly Sensitive to Climate Change.
Changes in these properties could alter aquatic ecosystem functioning and health.

Lakes Streams Wetlands

Mixing Regime Flow Regime Altered Water Balance Leading to
Wetland Losses

Nutrient and DOC Inputs Sediment Transport/Channel Fire Frequency
Alterations

Habitats Meeting Temperature and Nutrient Loading and Rates of Altered l~ates of Exchanges of
Oxygen Requirements Nutrient Cycling Greenhouse Gases

Productivity Fragmentation and Isolation of Vegetation Species Composition
Cold Water Habitats

Top Predator Changes Leading to Altered Exchanges with the Reproductive Success of Many
Trophic Cascades Riparian Zone Animal Species

Abundance of Cold-Water and Life History Characteristics of Many Sensitivity to Invasion by Tropical
Warm-Water Fish Species Aquatic Insects Exotic Species

wa~er. For regions where increases in runoffvariabili- et al., 1995) that integrates many important environ-
ty or more prolonged drought conditions are associat-mental conditions and limits the distribution and
ed with climate change, the pressure to build waterabundance ofriverine species. Many fundamental eco-
supply reservoirs will be great. These structureslogical processes are influenced by temporal flow vari-
would further fragment and alter lotic ecosystems. Ifation: availability and persistence of habitat; species
altered river flows require a 20 percent increase inaccess to habitat needed for specific life stages; rates
reservoir storage capacity to meet irrigation demands,of uptake, transformation, and flux of nutrients and
costs to maintain current irrigated acreage couldorganic matter; and the strength of competition and
exceed $200 billion (Postel, 1999). Threats to freshwa-predation. Thus, temporal variation in flow is viewed
ter biodiversity from climate change include fragmen-as an environmental template upon which ecological
ration of cold-water habitats, loss of glacial relictprocesses and patterns are expressed (Poff and Ward,
populations, invasion and spread of exotic species,1990; Townsend and Hildrew, 1994).
and alteration of parasite loads. Extended periods of Temporal variation in streamflow occurs naturally
low flow will lead to water quality degradation and within a watershed in response to seasonal and inter-
potential reductions in wasteload allocations, annual climate variation. Natural hydrologic regimes

A recent assessment of the impacts of changingalso vary among watersheds because of regional vari-
water temperatures on the economic yield from recre-ation in climate, geology, lithology, and vegetative
ational fisheries concluded that changes in cool-watercover. Hydrologists have long recognized geographic
and cold-water fisheries could lead to economic lossesvariation in hydrologic regimes, and in the past
ranging from $85-320 million per year (Abt Associ- few years, ecologists have also become interested in
ares, 1995), although these estimates are uncertainthese patterns because they indicate how ecological
because the extent of any tradeoff from cold-water to organization may be constrained by landscape setting
warm-water fisheries is unknown. Flow alterations (Resh et al., 1988; Poff and Ward, 1989; Poff, 1996;
were not formalIy considered in the analysis, but theyRichards, 1990; Hughes and James, 1989; Jowett and
would likely escalate calculated losses. Fisheries ben-Duncan, 1990). Indeed, a few ecological studies have
efits expected in a warmer climate include increasedshown that among-watershed variation in the ecologi-
productivity of warm-water fisheries and aquaculture cal organization of stream communities can be
as well as reduced winter fish kill. explained in terms of the natural patterns of hydro-

logic variability (Scarbrook and Townsend, 1993;
Biggs, 1995; Poff and Allan, 1995; Clausen and Biggs,
1997; Richards et al., 1997).

VULNERABILITY TO CLIMATE CHANGE An important implication of this research is that
IN DIFFERENT HYDROLOGIC REGIMES ecological organization in a stream or river will reflect

the adjustment of the biota to the natural pattern of
Streamflow is considered by ecologists as a masterhydrologic variation over long (evolutionary) time

variable (Minshall, 1988; Poffand Ward, 1989; Powerperiods. Species without the attributes tba~ allow
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them to exploit the prevailing environmental regimeseasonal resets are eliminated, as has been document-
are selected against. For example, some speciesed for the loss of riparian trees along western water-
require flooding at a specific time of year at leastcourses (Auble et al., 1994).
every few years to reproduce and sustain their popu- Projected climate change can be viewed as another
lations, and in the absence of such high flows, they doform of anthropogenic environmental alteration that
not sustain their populations. Similarly, ecosystemwill modify the ecological organization of streams and
processes such as nutrient exchange with the flood-rivers (Grimm, 1993; Poff et al., 2000). Once again,
plain or input of woody debris will reflect the tempo- the nature of the response should reflect the extent to
ral pattern of flows that allow lateral communicationwhich flow components are changed relative to the
between the main channel and the banks and sideprevailing conditions. For example, a system charac-
channels (see Poffet al., 1997). terized by extremely flashy and variable flows would

Thus, ecological interactions and ecosystem func-not likely show much response to a climate change
tion are expected to differ among streams and riversthat exacerbated this already harsh regime. However,
that have different hydrologic regimes. For example,a climate change shift to more perennial and stable
streams draining highly porous soils have high infil-flows would be expected to elicit great response (see
tration and minimal overland flow during rain events;Poff, 1992).
they are relatively stable hydrologically, especially
when compared to streams draining catchments with
impervious or shallow soils or with much exposed
bedrock. Streams in the same climatic region may dif- USING MODELS TO ASSESS THE
fer in geology and thus flashiness, which can influ- IMPACT OF CLIMATE CHANGE
ence ecological properties such as species abundance
or community composition (Strayer, 1983; Scarsbrook One approach to assessing the impact of climate
and Townsend, 1993; Poff and Allan, 1995). change is to use models to examine the impact on

One approach for identifying mechanistic linkagesaquatic ecosystems of alterations in those properties
between climate and aquatic ecosystem propertiesidentified as vulnerable to climate change. Rivers and
involves monitoring one system over time periods thatstreams are particularly sensitive to variations in
include considerable hydrologic variability. A recentflow, and here we focus on models that have been
study in Switzerland examining ecosystemused to examine the impact of changing flow regime
metabolism in streams over several years has shown(e.g., as experienced below dams) on aquatic species
that floods depressed primary productivity andand ecosystems. These models should prove useful in
ecosystem respiration for considerable periods of timeevaluating potential effects of climate change.
afterward, particularly in winter (Uehlinger and
Naegeli, 1998). Earlier, a multi-year study ofmacroin-
vertebrate communities following floods of varyingInstream Flow Modeling
magnitude in an Arizona desert stream showed that
recovery of biomass and species composition was The first models of instream flow needs were basedrapid and not strongly affected by the magnitude oron a habitat evaluation approach (e.g., Tennant, 1976;
frequency of floods, and that drying of the streambedStalnaker, 1993; Stalnaker et al., 1995). Although
during extended droughts had greater impacts on thequantitative, these habitat-based methods are limited
community than floods (Boulton et al., 1992). by making simplifying assumptions about biotic-

The ecological response to a modification in naturalabiotic relationships, by failing to consider hydraulicflow regime depends on how the regime is altered rel-conditions associated with ecologically critical highative to the historical regime. That is, ecologicalflows, and by focusing on only one or a few species.
responses to a change in flow regime will depend onMore recent instream flow assessment methods havethe local hydrologic template. For example, a systememployed population modeling, either in a lumpedthat is historically very variable can be severely dis-parameter mode (e.g., Bartholow et al., 1993; Cheslak
rupted by stabilizing the hydrologic regime (Ward andand Jacobson, 1990) or with individual-basedStanford, 1983). This is a pattern that is common inapproaches (Jager et al., 1993, 1997). These popula-
perennial streams of the desert Southwest (e.g.,tion models allow more detailed examination of theMeffe, 1984; Minckley and Deacon, 1991). Similarly, abiotic and abiotic interactions of fish and their envi-
system that has historically experienced predictable,ronment.seasonal flooding, such as snowmelt-dominated Other modeling approaches recognize that the per-streams and rivers, may show dramatic changes informance of individual species is embedded in a corn-
community composition and ecosystem function if themunity or ecosystem context, and thus environmental

JAWR.~ 1380 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

Cm047667
C-047667



Impacts of Climate Change on Aquatic Ecosystem Functioning and Health

conditions that sustain the ecosystem will sustainModels of Nutrient Uptake Related to Hydrodynamic
individual species. These newer, holistic approachesProperties
view rivers as intractably complex systems where
among-species interactions and species responses toThe linkage between nu. trient cycling and the
abiotic environmental conditions vary dynamicallyhydrologic properties of stream ecosystems is central
over space and time. Species have differing and oftenin the development of the nutrient spiraling model,opposing environmental needs; therefore it is not pos-
sible to determine a single optimum environmental

one of the primary organizing concepts in stream ecol-

condition for all species in the ecosystem. A shifting
ogy (Webster and Patten, 1979; Newbold et al., 1981,
1983; Elwood et al., 1983). The nutrient spiraling

balance of favorable and unfavorable environmentalmodel was developed to quantify the simultaneous
conditions through space and time is required to sus-processes of nutrient cycling by biota and the down-
rain hhe whole ecosystem. For example, extreme con-stream transport of nutrients via water flow. Spiral-
ditions such as occasional droughts and floods areing of nutrients is one of the important ecosystemcritical to sustaining species diversity and dominanceservices provided by streams because it purifies water
in both aquatic and riparian communities (seefor downstream uses. The intensity of nutrient cyclingreviews by Resh et al., 1988; Poffet al., 1997).

Detailed responses of all species ~o shifting condi-can be quantified by the spiraling length, defined as
the average distance traveled by a nutrient atom in

tions cannot be accurately modeled; however, thecompleting one cycle through the ecosystem (Newboldenvironmental regime can be. Thus the guidinget al., 1981). Spiraling length is a measure of the effi-framework for these newer approaches to flow analy- ciency with which the available nutrient supply is uti-
sis is to describe the natural environmental regime,lized by biota, with shorter spiraling lengthsusually in terms of the natural flow regime (e.g.,
Richter et al., 1996; Poff et al., 1997), although otherindicating higher nutrient utilization efficiency and

environmen~l drivers such as temperature and sedi-presumably greater biological productivity for a given
nutrient supply. Alternatively, spiraling length can bement flux are also used. In these models, the integrityviewed as a measure of the retentiveness of Streamof riverine ecosystems varies in response to the devia-ecosystems for nutrients, with shorter spiralingtion of the prevailing flow regime from the pre- lengths indicating greater nutrient retentiveness.impaired sta~e. The natural regime is characterized in

terms of the magnitude, frequency, duration, seasonal Newbold et al. (1982, 1983) have shown theoretical-

timing, and rate of change of flows that have demon-ly that uptake length, the component of spiraling
length that quantifies the distance traveled by astrable effects on aquatic habitat and ecological pro-nutrient atom in water prior to uptake by biota, iscesses. These quantities can be assessed using simple

techniques that evaluate deviations from historicaldirectly related to the downstream flux of nutrients in
water and to water velocity, and is inversely related tovalues (Richter et al., 1996). This holistic approach

has been at least partially implemented in severalnutrient uptake rate per unit area. Therefore, hydro-

rivers for a variety of purposes: recovery of endan-logic changes that increase stream discharge or water
velocity without commensurate increases in biologicalgered fish species (Glen Canyon, Arizona, by Collieruptake increase uptake length and reduce nutrientet al., 1997; Green River, Utah, by Stanford, 1994;
retention efficiency. Hydrologic changes that reducePecos River, New Mexico, by Robertson, 1997), restor-

ing riparian plant communities (Olman River, Alber-biological uptake rates per unit area, such as reduc-
tions in algae, bryophytes, or debris dams and associ-ta, C~inada, by Rood et al., 1995; Owens River,
ated detritus caused by scouring floods, also increaseCalifornia, by Hill and Platts, 1998), enhancing nativeuptake length. Debris dams and the accumulation offish communities (Putah Creek, California, by Moyleorganic detritus within and behind them appear to beet al., 1998), and restoring ecosystem function

through channel-floodplain connections (Kissimmeeparticularly important for nutrient retention in
streams because they reduce water velocity as well asRiver, Florida, by Toth, 1995). In principle, thisincrease rates of nutrient uptake by organisms associ-approach could be used to assess the extent of hydro-ated with detritus. Field investigations of nitrogenlogic alteration resulting from climate change. By
and phosphorus spiraling have verified the impor-using projected changes in precipitation and tempera-tance of water velocity and detritus storage as deter-ture to drive hydrologic models calibrated to particu-

lar watersheds, future hydrographs could beminants of nutrient uptake length and nutrient
retention (Mulholland et al., 1985; Munn and Meyer,generated and compared with historical streamflow1990; D’Angelo et al., 1991). Determination of changesrecords. In this way, a regional sensitivity analysisin spiraling length or uptake length with changes incould be performed to assess regions where streamshydrologic regime both within a system and acrossand rivers are most threatened by climate change
systems can be a useful approach for understanding(Poff, 1992).
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how climate changes might influence nutrient reten-hydrologic change. Such modeling approaches provide
tion and productivity in streams. Measurement ofvaluable insights into potential climate change
nutrient uptake length involves experimental injec-effects.
tions of nutrients at low concentrations to streams
(Stream Solute Workshop, 1990).

Recently, spiraling models have been revised toModels Relating Riverine Food Web Structure to
consider the exchange of water and solutes betweenClimate and Hydrologic Regime
surface and subsurface (hyporheic) zones in lotic
ecosystems (Kim et al., 1992; Bencala et al., 1993). In addition to the direct effects of temperature and
Field studies have shown that the hyporheic zone isflow on organisms and ecological processes, indirect
an important zone of nutrient cycling in streamseffects mediated through food web interactions have
(Triska et al., 1989; Findlay et al., 1993; Jones et al., also been observed. For example, in Mediterranean
1995; Wondzell and Swanson, 1996). Spiraling modelsclimates, spring blooms of Cladophora appear to be
that explicitly incorporate hyporheic exchange showmore common in non-regulated rivers than in rivers
that nutrient spiraling lengths are shorter andwith stabilized flows because winter floods reduce
nutrient retention greater in streams with largergrazer populations in non-regulated rivers. In rivers
hyporheic zones and greater surface-subsurface waterwith stabilized flow, grazer populations are main-
exchange (Mulholland and DeAngelis, in press),rained through the winter, and their grazing pressure
Results from a comparative field study supported thisreduces the likelihood of spring blooms (Power, 1992).
prediction (Mulholland et al., 1997b). The size of theIndirect effects of climate variability have also been
hyporheic zone and rates of surface-subsurface waterobserved; occasional extreme temperatures that lead
exchange are functions of stream channel morphology,to fish kills can have long-lasting impacts because
hyd~:ologic regime, and sediment properties. Becausethey result in cascading effects throughout the food
climate is a strong determinant of stream morphologyweb (Carpenter et al., 1992). Relative strengths of
and hydrology, impacts of climate change on streamsyear classes can be related to weather conditions dur-
are likely to be manifested by changes in hyporheicing spawning and early life, and variations in year
properties and, as a consequence, by changes in nutri-classes of top predators can alter food web structure
ent spiraling, at lower trophic levels (Carpenter et al., 1992).

Changes in nutrient flux resulting from changes in Modeling the complexity of the interaction between
nutrient loading to streams and rivers also will alterfood webs and hydrologic regime is in its infancy
nutrient uphke and spiraling lengths. Further, nutri-(Power et al., 1995). Very simple food web models sug-
ent flux in streams and rivers is important because itgest that there will be more trophic levels in a river
represents the loading to lakes, estuaries, and oceans,with variable flow than in one with stabilized flow
Climate change is likely to affect nutrient loading pri- (Power et al., 1995). More complex dynamic models
marily through its effect on runoff. In general, nutri- are needed to develop useful predictions of the
ent loading increases with runoff, particularly inimpacts of changes in hydrologic regime on endan-
human-dominated landscapes (Lewis and Grant,gered species, nuisance species, fisheries yields, and
1979; Alexander et al., 1996). Thus, increases inoverall health of the aquatic ecosystem. Development
runoff due to increased precipitation are likely toof these models requires a better understanding of the
increase nutrient loading, whereas reductions inmechanisms linking physical environmental variables
runoff should reduce nutrient loading to streams and(temperature, flow regime, channel geomorphology)
rivers, and species performance, including their impact in

complex food webs (Power et al., 1995).

Models of Bioenergetic Response

Bioenergetics modeling of the growth of fish and INFORMATION NEEDS
other organisms is another assessment tool that is
available to study climate change, especially the The ability to predict climate change impacts on
effects of changing temperature regimes (e.g., Rails-water resources and to plan for adaptation and ame-
back and Rose, 1999). Van Winkle et al. (1997) usedlioration is still hindered both by the lack of good pre-
bioenergetics modeling and an individual-based popu-dictions of future climate at regional scales and by a
lation model of rainbow trout to study the effects oflack of fundamental understanding of many of the
increased temperature on growth and reproductiveeffects of climate variability on the physical, chemical,
success. Jager et al. (1999) used a similar approach toand biological characteristics of aquatic ecosystems.
evaluate the combined effects of temperature and
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We are limited by availability of both data and mod-Alexander, R. B., P. S. Murdoch, and R. A. Smith, 1996. Stream-

els. More extensive data sets and better models are flow-Induced Variations in Nitrate Flux in Tributaries to the
Atlantic Coastal Zone. Biogeochemistry 33:149-177.

needed linking hydrologic regime with ecosystem pro-Anderson, J., S. Shiau, and D. Harvey, 1991. Preliminary Investiga-
cesses (productivity, nutrient dynamics, food web tion of Trend]Patterns in Surface Wator Characteristics and Cti-
interactions), with ecological interactions (predation, mate Variations. In: Using Hydrometric Data to Detect and

species invasions), and with water quality. The docu- Monitor Climatic Change, G. Kite and K Harvey (Editors). Pro-

mented loss of stream gaging sites (down 22 percent ceedings of NHRI Workshop, National Hydrology Research

since 1971; Stokstad, 1999) is antithetical to the need
Institute, Saskatoon, Saskatchewan, Canada, pp. 189-201.

Auble, G. T., J. M. Friedman, and M. L. Scott, 1994. Relating Ripar-
for hydrologic data, which are vital to an assessment ian Vegetation to Present and Future Streamflows. Ecological
Of the impact of climate change on aquatic ecosys- Applications 4:544-554.

terns. In addition to bolstering existing stream gagingBartholow, J. M., J. L. Laake, C. B. Stalnaker, and S. C. William-

sites, ecological monitoring needs to be added to the son, 1993. A Salmon Population Model ~vith Emphasis on Habi-
tat Limitations. Rivers 4:265-279.networks monitoring physical an.d chemical proper-Bencala, K. E., J. H. Duff, J. W. Harvey, A. P. Jackman, and F. J.

ties of water bodies, and the sampling frequency of Triska, 1993. Modelling Within the Stream-catchment Continu-
monitored sites should be increased to capture the urn. In: Modelling Change in Environmental Systems, A. J.

short-term variations that are so critical to determin- Jakeman, M. B. Beck, and M. J. McAleer (Editors). John Wiley

ing transport in flowing waters. The sites and ecologi- and Sons, New York, New York, pp. 163-187.

cal populations and processes most likely to be earlyBiggs, B. J. F., 1995. The Contribution of Flood Disturbance, Catch-
ment Geology and Land Use to the Habitat Template of Periphy-

warning systems for ecological change should be iden- ton in Stream Ecosystems. Freshwater Biology 33:419-438.
tiffed and included in these networks. Boulton, A. J., C. J. Peterson, N. B. Grimm, and S. G. Fisher, 1992.

The impacts of climate change may not be gradual. Stability of an Aquatic Macroinvertobrate Community in a Mul-

Monitoring and experimental data should be exam- tiyear Hydrologic Disturbance Regime. Ecology 73:2192-2207.

ined for the existence of thresholds of ecologicalBurn, D. 1994, Hydrologic Effects of Climate Change in West-
Central Canada. Journal of Hydrology 160:53-70.

change. Do systems change slowly with respect toCarpenter, S. R., S. G. Fisher, N. B. Grimm, and J. F. Kitchell,
temperature or hydrologic alteration until some 1992. Global Change and Freshwater Ecosystems. Annual
threshold is reached, after which there are dramatic Review of Ecology and Systematics 23:119-139.

changes in state? Does variability increase as thresh-Chang, L. H., S. F. Railsback, and R. T. Brown, 1992. Use of a
Reservoir Water Quality Model to Simulate Global Climateolds are approached? Improving our ability to assess Change Effects on Fish Habitat. Climatic Change 20:277-296.

the impact of climate change on aquatic ecosystemCheslak, E. F. and A. S. Jacobson, 1990. Integrating the Instream
functioning and health requires continued improve- Flow Incremental Methodology with a Population Response
ments in both ecological monitoring and modeling: Model. Rivers 1:264-288.

development of better regional climate models; devel-Clausen, B. and B. J. F. Biggs, 1997. Relationships Between Benth-
ic Biota and Hydrological Indices in New Zealand Streams.opment of models linking climate variability and eco- Freshwater Biology 38:327-342.

logical processes at the population, community, andCohen, S. J., L. E. Welsh, and P. Y. T. Louie, 1989. Possible Impacts
ecosystem level; and integrated assessments of the of Climate Warming Scenarios on Water Resources in the
potential impacts and viable response options for Saskatchewan River Sub-Basin. CCC Report No. 89-9, Atmo-

alternative climate futures, spheric Environment Service, National Hydrology Research
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